Abstract: Intermolecular interactions of pyridine in liquid and in aqueous solution are studied by using soft X-ray absorption spectroscopy (XAS) at the C, N, and O K-edges. XAS of liquid pyridine shows that the N 1s→π* peak is blue shifted and the C 1s→π* peak of the meta and para sites is red shifted, respectively, as compared with XAS of pyridine gas. These shifts in liquid are smaller than those in clusters, indicating that the intermolecular interaction of liquid pyridine is weaker than that of pyridine cluster, as supported by the combination of quantum chemical calculations of the core excitation and molecular dynamics simulations of the liquid structure. On the other hand, XAS spectra of aqueous pyridine solutions (C 5 H 5 N) x (H 2 O) 1−x measured at different molar fractions show that in the pyridine rich region, x > 0.7, the C and N 1s→π* peak energies are not so different from pure liquid pyridine (x = 1.0). In this region, antiparallel displaced structures of pyridine molecules are dominant as in pure pyridine liquid. In the O K-edge XAS, the pre-edge peaks sensitive to the hydrogen bond (HB) network of water molecules show the red shift of −0.15 eV from that of bulk water, indicating that small water clusters with no large-scale HB network are formed in the gap space of structured pyridine molecules. In the water rich region, 0.7 > x, the N 1s→π* peaks and the O 1s pre-edge peaks are blue shifted, and the C 1s→π* peaks of the meta and para sites are red-shifted by increasing molar fraction of water. The HB network of bulk water is dominant, but quantum chemical calculations indicate that small pyridine clusters with the HB interaction between the H atom in water and the N atom in pyridine are still existent even in very dilute pyridine solutions.
Introduction
Pyridine is liquid at room temperature due to aromatic π-π interactions of pyridine rings. The structures of pyridine dimer and trimer are extensively studied to understand the intermolecular interaction [1] [2] [3] [4] [5] [6] [7] [8] . The structure of liquid pyridine is investigated by molecular dynamics (MD) [9] [10] [11] [12] and Monte Carlo simulations [13] . These studies indicate that a pyridine dimer shows an antiparallel displaced structure, in which the N atoms are on opposite sites due to the dipole interaction. Pyridine in solid phase has a similar antiparallel stacking structure of pyridine rings [14] . Soft X-ray absorption spectroscopy (XAS) applied to small pyridine clusters with the size of ≤ 20 molecules per cluster at the C and N K-edges has shown that the 1s→π* peak shifts from gas to clusters are dependent on several conformations and core-hole sites [15] . The theoretical investigation suggests that pyridine clusters have a similar antiparallel displaced structure. It is interesting to compare XAS of pyridine liquid with XAS of pyridine clusters to reveal detailed intermolecular interactions in liquid phase.
Pyridine is soluble in water at any concentration, and the formation of hydrogen bond (HB) between the N atom of pyridine and the H atom of water is expected. The HB structure between pyridine and water is mainly studied by vibrational spectroscopy: infrared [16] and Raman [17] [18] [19] [20] [21] [22] [23] spectroscopies. Schlücker et al. [19] measured Raman spectroscopy of aqueous pyridine solutions at different concentrations, and discussed the structures with help of density functional theory (DFT) calculations of several structural models. Local structures and HB structures of aqueous pyridine solutions are investigated by neutron diffraction [24] , nuclear magnetic resonance [25, 26] , and also theoretical methods [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
Recently, some groups have proposed that pyridine is not fully mixed with water, but an inhomogeneous pyridine-water mixture is formed in aqueous solution. In the region of a small molar fraction of pyridine, the formation of pyridine clusters in aqueous solutions is discussed in small angle neutron scattering [40] [41] [42] and Rayleigh scattering [43] [44] [45] . On the other hand, in the region of a large molar fraction of pyridine, the formation of small water clusters is discussed in the Monte Carlo simulation [46] .
As described above, local structures of aqueous pyridine solutions are extensively studied by experimental and theoretical methods. However, the structural change of aqueous pyridine solution at different concentrations has not been fully understood yet, because it is difficult to break down intermolecular inter actions into pyridine and water experimentally. XAS is an element specific method to reveal local structures of liquid, and the intermolecular interaction of pyridine can be revealed by analyzing the C and N 1s→π* transitions of pyridine molecules [47] [48] [49] [50] . Furthermore, in the C K-edge XAS, the ortho C 1s→π* peak is separately observed from that of meta and para sites of a pyridine ring. The intermolecular interaction of water can be revealed by analyzing the O K-edge XAS of aqueous pyridine solutions, where the structural change of HB network is discussed from the energy shift of the pre-edge peak [51] [52] [53] [54] [55] . The local structure of 3-methylpyridine (3MP) in aqueous solutions is also discussed based on O K-edge XAS [56, 57] . The pre-edge peak is lowered in energy with increasing the molar fraction of 3MP, and is not shifted above the molar fraction of 0.8. The HB interaction of 3MP with water is larger than that of pyridine [58] .
Recently, we have developed a liquid flow cell for XAS in transmission mode, and investigated local structures of several aqueous solutions [55] . In the present study, we investigate intermolecular interactions of pyridine in liquid phase and aqueous solution (C 5 H 5 N) x (H 2 O) 1−x at different concentrations by XAS in C, N, and O K-edges. The intermolecular interactions of pyridine and water are analyzed using the peak shifts observed in C and N K-edge XAS and in O K-edge XAS, respectively. The peak shifts are evaluated by quantum chemical calculations of inner-shell excitations for several structural models obtained by MD simulations.
Methods

XAS spectroscopy
XAS spectra have been measured on the soft X-ray undulator beamline BL3U at UVSOR-III Synchrotron [59] . Details of our transmission-type liquid flow cell are described elsewhere [55, 60, 61] . In the liquid flow cell, a liquid layer is sandwiched between two 100 nm thick Si 3 N 4 membranes with the windows size of 2 × 2 mm 2 . SiC membranes with the thickness of 100 nm are used for N K-edge XAS. Teflon spacers with the thickness of 100 μm are set between the supporting plates of the Si 3 N 4 or SiC membranes. Liquid samples are exchangeable in situ by using a tubing pump. The temperature of liquid samples is controllable and is set to be 25 °C in the present work. The liquid cell is installed in a helium chamber, which is separated by a Si 3 N 4 membrane with the window size of 200 × 200 μm 2 (30 × 30 μm 2 is chosen for some other experiments) from the soft X-ray beamline in an ultrahigh vacuum condition. The thickness of a liquid layer is controllable from 20 nm to 2000 nm by adjusting the helium pressure of a helium chamber from 0.12 MPa to 0.1013 MPa [55, 60] . The energy resolutions at the C, N, and O K-edges are set to 0.14 eV, 0.2 eV, and 0.4 eV in the present work, respectively. XAS spectra are based on the Lambert-Beer law, ln(I 0 /I), where I 0 and I are the transmission signals of blank and liquid, respectively, measured by using a photodiode detector in a helium chamber. The photon energies at the C, N, and O K-edges are calibrated by using the first peak (287.96 eV) of methanol gas [62] , the first peak of N 1s→π* band (400.84 eV) of N 2 gas [63] , and the O 1s→π* peak top (530.80 eV) of O 2 gas [64] , respectively. C and N K-edge XAS spectra of pyridine gas are measured by mixing pyridine vapor into helium in a helium chamber.
MD simulation
MD simulations are performed by using GROMACS 5.1.2 [65, 66] . The potential of pyridine molecule is described by OPLSAA [67, 68] , and that of water molecule is TIP5P [69] . Temperature is controlled by the Nośe-Hoover thermostat method [70, 71] . Pressure is adjusted by the Parrinello-Rahman method [72] . The simulation is performed at a time step of 1 fs with a periodic boundary condition and the partial-mesh Ewald method [73] . In order to obtain equilibrium structures, randomly distributed structures are optimized by the simulations, which run during 100 ps at 100 K in the NVT condition, 100 ps at 200 K and 1 atm in the NPT condition, and 2 ns at 25 °C and 1 atm in the NPT condition.
In liquid pyridine, the unit cell consists of 500 pyridine molecules. The equilibrium structures are obtained by sampling the structures every 1 ps at 25 °C and 1 atm during a simulation time of 2 ns. In the dilute aqueous pyridine solution (x = 0.001), the unit cell consists of 10 pyridine and 9990 water molecules. The equilibrium structures are obtained by sampling the structures every 1 ps during a simulation time of 10 ns.
Inner-shell calculation
In order to discuss the peak shifts of XAS spectra, we have carried out inner-shell calculations. Geometries of pyridine and water molecules are fully optimized at MP2 level [74] with the basis function of aug-cc-pVDZ [75] by using Gaussian 09 [76] . Model structures of pyridine in liquid phase and aqueous solution are configured by using intermolecular distances and angles determined from radial distribution functions (RDF) obtained by MD simulations.
Inner-shell calculations on the C and N 1s→π* transitions of pyridine molecules have been carried out by using the GSCF3 code [77, 78] . The ground and core excited states are obtained within the Hartree-Fock method, namely, ∆SCF (self-consistent field). The core hole is localized on a specified C or N atoms. The zero point vibrational energy and electron correlation involving van der Waals inter actions are ignored in the present calculations. Primitive basis functions are taken from the contracted Gaussian-type functions of Huzinaga et al. [79] , (73/7) for C, N, and O and (6) Figure 1 shows N K-edge XAS spectra of pyridine gas and liquid at 25 °C. Figure 2 shows C K-edge XAS spectra of pyridine gas and liquid at 25 °C. Similarly to previous C K-edge spectra of pyridine gas [47] [48] [49] [50] , the C 1s→π* transition shows two peaks: The C1 peak corresponds to the meta and para sites and the C2 peak to the ortho site of a pyridine ring. Table 1 shows peak shifts at different sites (C1, C2, and N) from pyridine gas to liquid and cluster structures. The energy shifts of small pyridine clusters are taken from the previous XAS study [15] . The C1 peak of liquid pyridine shows the red shift of −0.077 eV from gas. This shift is smaller than that of cluster (−0.09 eV). The C2 peak of liquid pyridine is slightly blue shifted from gas (0.018 eV), whereas the C2 peak of clusters is not shifted from gas within accuracy. The N peak of liquid pyridine is blue shifted to 0.089 eV, and it is slightly smaller than that of clusters (0.095 eV). Thus, the energy shifts of liquid pyridine are slightly smaller than those of cluster peaks.
Liquid pyridine
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Inner-shell calculations
In order to obtain local structures of pyridine in liquid and in cluster, we have performed quantum chemical inner-shell calculations. The DFT study reported that the structure of a pyridine dimer is an antiparallel displaced structure [2] , as shown in the inset of Figure 3a . This structure is most stable due to the dipole interaction of pyridine rings, and can be used for the model of pyridine clusters. The distance d between center-of-mass of pyridine rings (Py com ) in the perpendicular direction is 3.32 Å and is displaced by 1.24 Å along the molecular planes. The tilted angle φ from the normal vector of the pyridine ring is 20.5°. On the other hand, we have obtained RDF Py com -Py com from the MD simulation of liquid pyridine at 25 °C, and found that the first peak position is 3.72 Å. Assuming that a pyridine molecule is displaced by 1.24 Å along the molecular planes, the distance d becomes 3.51 Å, and the tilted angle φ is 19.47°. The intermolecular distance d of liquid pyridine is larger than that of a cluster. Figure 3 shows the calculated inner-shell spectra of gas, liquid, and cluster, whose structures are obtained by MD simulations. As shown in the inset of Figure 3a, the center molecule in the pyridine trimer is used for the inner-shell calculations in the C and N K-edges. Figure 3a shows the calculated N K-edge spectra, where the peak energy is relative to the N 1s→π* peak of pyridine gas. The peak energy of calculated C K-edge spectra shown in Figure 3b is relative to the C 1s→π* peak of the ortho site of pyridine gas. Table 2 shows the calculated energy shifts of different sites of pyridine in liquid and in cluster from gas. The calculated energy shift of the N atom becomes higher in the order of gas, liquid, and cluster. These energy shifts are consistent with the energy shifts of the N atom obtained by XAS experiments. The calculated energy shift of the ortho site in liquid is 0.017 eV, and is consistent with that obtained by the experiment (0.018 eV). The calculated energy shifts of the meta and para sites become lower in the order of gas, liquid, and cluster, and is good agreement with those of the C1 peaks, though the present calculations predict that the energy shift of the para site is larger than that of the meta site. As described above, the calculated energy shifts of liquid and cluster structures are consistent with the experimental shifts. The smaller energy shifts in liquid pyridine than in cluster pyridine arise from the longer intermolecular distance between pyridine molecules in liquid than in cluster. Figure 5 shows C K-edge XAS spectra of aqueous pyridine solutions at different concentrations. By increasing molar fraction of water, the C1 peak of the meta and para site shows red shift; on the other hand, the C2 peak of the ortho site is blue shifted. Figure 6 shows the energy shifts of the C1, C2, and N peaks at different concentrations in aqueous pyridine solutions (C 5 H 5 N) x (H 2 O) 1−x from pure pyridine liquid (x = 1.0). The energy shifts of the C1, C2, and N peaks show two concentration regions with the borders of x = 0.7. In the region of x > 0.7, the peak energies are almost constant. In the region of 0.7 > x, on the other hand, the C1, C2, and N peak energies are changed linearly by increasing molar fraction of water. The C1 peak is red shifted, and the energy shift from pure pyridine (x = 1.0) is −0.072 eV at x = 0.05. The C2 peak is slightly blue shifted, and the energy shift is 0.026 eV at x = 0.05. The N peak is blue shifted by increasing molar fraction of water, and reaches to 0.110 eV at x = 0.05. The rather large energy shift of the N peak is reasonable, considering that the energy shift arises from HB between the N atom of pyridine and the H atom of water in aqueous pyridine solution.
In order to obtain hydration structures of pyridine, we have performed the MD simulation of a dilute aqueous pyridine solution at x = 0.001. Figure 7 shows RDF We have performed inner-shell calculations of aqueous pyridine solutions at different structural models obtained by MD simulations. Figure 8a and b show calculated spectra of three different models (HB1, HB2, and HB3) at the N and C K-edges, respectively. Table 3 shows the calculated energy shifts of different sites of pyridine at three HB models from liquid pyridine. The HB1 model is a pyridine-water dimer, in which HB between the N atom of pyridine and water is formed. In calculated N K-edge XAS of the HB1 model, the energy shift of the N peak is 0.076 eV from liquid pyridine. This energy shift is slightly smaller than the experimental value (0.110 eV at x = 0.05), but the blue shift is consistent. In the calculated C K-edge spectra of the HB1 model, on the other hand, the energy shift of the ortho site from liquid pyridine is low (−0.036 eV), and is inconsistent with that of the C2 peak (0.026 eV at x = 0.05). The energy shifts of the meta and para sites are 0.029 eV and 0.015 eV, respectively, and are largely different from the C1 peak (−0.072 eV at x = 0.05). The peak shifts estimated in the HB1 model are in disagreement with the experimental ones.
We have calculated the HB2 model. As shown in the inset of Figure 8 , two additional water molecules are weakly bound in the upper and lower directions of the pyridine ring plane in comparison with HB1. This model is taken from MD simulations. The energy shift of the HB2 model in the calculated N K-edge spectra (−0.005 eV) is inconsistent with the experiment. In the calculated C K-edge spectra, the ortho and para sites show red shift (−0.115 eV) and blue shift (0.023 eV), and are also inconsistent with the experimental shifts of the C2 and C1 peaks, respectively. The peak shifts estimated in the HB2 model are still in disagreement with the experimental ones. It is reported that pyridine is not completely mixed with water but pyridine clusters are formed in aqueous solutions [40] [41] [42] 45] . As shown in the inset of Figure 8 , the HB3 model has an antiparallel displaced structure (d = 3.51 Å, φ = 19.47°) obtained by MD simulations of liquid pyridine, and a water molecule forms HB with the N atom in the center pyridine molecule. In the calculated N K-edge spectrum of the center pyridine molecule, the N peak shows a blue shift of 0.153 eV from that of liquid pyridine, consistent with the experiment (0.110 eV). In the calculated C K-edge spectrum, the energy shift of the ortho site is negligibly small (−0.006 eV), though the experimental C2 peak shows small but blue shift (0.026 eV). On the other hand, the energy shifts of the meta and para site are −0.013 eV and −0.070 eV, respectively, consistent with the experimental C1 peak shift (−0.072 eV). As described above, the energy shifts of the C1 and N peaks in the XAS spectra of aqueous pyridine solutions are consistently explained by the inner-shell calculations of the HB3 model. The C2 peak shift is inconsistent and the ortho site would have interaction with some other water molecules.
O K-edge XAS
In order to investigate structural changes of HB between water molecules under interacting with pyridine molecules, we have measured O K-edge XAS of aqueous pyridine solutions (C 5 H 5 N) x (H 2 O) 1−x at different concentrations as shown in Figure 9 . The pre-edge peak (535 eV) corresponds to a transition from O 1s to 4a 1 unoccupied orbital. Because the 4a 1 orbital is mainly distributed at O atoms of water molecules, the energy shift of the pre-edge peak reflects HB between water. In the O K-edge XAS spectra of pure liquid water, the pre-edge peak shows a red shift by increasing temperature [51] [52] [53] [54] [55] . This is due to the elongation of the intermolecular distance between water molecules [80] . The intensity of the post-edge maximum at 540 eV is also decreased when the HB network is partially broken and the multiple scattering in the HB network is weakened [80] . Figure 10 shows the energy shift of the pre-edge peak as a function of molar fraction. In 0.7 > x, the pre-edge peak is linearly shifted to the lower energy by increasing molar fraction of pyridine. In x > 0.7, the pre-edge peak shift is almost constant. The energy shift of the pre-edge peak at x = 0.9 is about −0.15 eV from bulk water (x = 0.0). Considering the energy shift of bulk water from 25 °C to 80 °C is about −0.07 eV [80] , the lower energy shift of the pre-edge peak at x = 0.9 is rather large. At the high molar fraction of pyridine, tetrahedral HB between water molecules is elongated and partly broken by the hydrophobic interactions of pyridine molecules. The decrease of the post-edge intensity at the higher molar fraction of pyridine also indicates the breaking of the HB network between water molecules. It is consistent with the previous Monte Carlo simulation that small water clusters are formed at the high concentration of pyridine [46] . The energy shift of the preedge peak in aqueous pyridine solutions is close to that of aqueous 3MP solutions [56] , in which the pre-edge peak is lowered by increasing molar fraction of 3MP and becomes constant at x > 0.8. The peak energy shift in aqueous 3MP solutions (−0.4 eV) is much larger than that in aqueous pyridine solutions, indicating that there is no HB network in water and a strong HB interaction with 3MP. In order to investigate the HB network of water under interacting with pyridine, we have performed the MD simulation of the dilute pyridine solution at x = 0.001. Figure 11 shows RDF O w -O w around water in bulk phase and around the N atom of pyridine, where the first peaks are found at 2.73 Å and 2.74 Å, respectively; on the other hand, the second peaks are 4.48 Å and 4.61 Å, respectively. The second peak around N atom of pyridine becomes larger by the elongation of HB network of water by the hydrophobic hydration of pyridine. The MD simulations are consistent with the formation of small water clusters in the higher pyridine concentration, that is influenced by the hydrophobic hydration of pyridine.
Intermolecular interactions at different concentrations
As above discussed, in the pyridine rich region, x > 0.7, the C and N 1s→π* peak energies are no so different from those of pure pyridine (x = 1.0), indicating that pyridine molecules keep antiparallel displaced structures with no evident change of the intermolecular interaction around pyridine. The pre-edge peaks in the O K-edge XAS spectra are almost constant in this region as well and the energy shift from pure water (x = 0.0) is about −0.15 eV (red shift), indicating that the HB network in water is very much fragmented and the HB in small water clusters is elongated (or partly broken) by the hydrophobic interaction of pyridine. These results are consistent with the previous Monte Carlo simulations [46] .
In the water rich region, 0.7 > x, the C, N, and O K-edge peaks of aqueous pyridine solutions are linearly shifted by increasing molar fraction of water. It is reasonable that the pre-edge peak of the O K-edge XAS spectra is shifted to that of bulk water. The theoretical analysis of the π* peak shifts in the C and N K-edge XAS spectra has indicated that the HB between the N atom of pyridine and the H atom of water is gradually established but small pyridine clusters with antiparallel displaced structures are still existent in the HB network of bulk water. These results are consistent with the previous studies [40] [41] [42] 45] .
Summary
In the present work, we have investigated intermolecular interactions of pyridine in liquid phase and aqueous solution by XAS at the C, N, and O K-edges; the intermolecular interaction of pyridine by C and N K-edge XAS and the intermolecular interaction of water by O K-edge XAS.
From gas to pure liquid pyridine, the N 1s→π* peak is blue shifted, and the C 1s→π* peak of the meta and para sites (C1) is red shifted. These behaviors are the same as in small pyridine clusters [15] , but the peak shifts for pyridine liquid are smaller than those of pyridine clusters. The difference in the peak shift arises from the difference in the intermolecular distance of the antiparallel displaced structures as reproduced by quantum chemical calculations of these core excited states by using the geometries determined by MD simulations. The intermolecular distance between center-of-mass of pyridine rings in the perpendicular direction is 3.51 Å in liquid and 3.32 Å in clusters.
We have investigated local structures of pyridine aqueous solutions (C 5 H 5 N) x (H 2 O) 1−x at different concentrations. In the pyridine rich region, x > 0.7, the energy of C and N peaks are no so different from those of pure pyridine (x = 1.0), indicating that pyridine molecules keep antiparallel displaced structures with no evident change of the intermolecular interaction around pyridine. The pre-edge peaks in the O K-edge XAS spectra are almost constant in this region as well and show the red shift of −0.15 eV from that of pure water (x = 0.0). It indicates that the HB network in water is very much fragmented and the HB in small water clusters is elongated (or partly broken) by the hydrophobic interaction of pyridine. These results are consistent with the previous Monte Carlo simulations [46] .
In the water rich region, 0.7 > x, the C, N, and O K-edge peaks of aqueous pyridine solutions are linearly shifted by increasing molar fraction of water. It is reasonable that the pre-edge peak in the O K-edge XAS spectra is shifted to that of bulk water. From the energy shifts of the π* peaks in the C and N K-edge XAS and inner-shell calculations, we have found that small pyridine clusters exist in the HB network of water and is formed HB between N atom of pyridine and the H atom of water. These results are consistent with the previous studies [40] [41] [42] 45] . 
